We investigated the decomposition reaction mechanism of a molybdenum dithiocarbamate (MoDTC) molecule using computational chemistry methods: density functional theory and hybrid quantum chemical/classical molecular dynamics methods. The density functional theory results showed that the linkage isomerization reaction of the MoDTC preferentially takes place than its direct decomposition reaction. During a hybrid quantum chemical/classical molecular dynamics simulation, the linkage isomer of MoDTC was observed and subsequently bond weakening of its Mo-O was also observed in the polyalphaolefine phase. From these results, we proposed a new decomposition reaction pathway of the MoDTC molecule: it first forms its linkage isomer as the intermediate in the engine oil phase then decomposes into molybdenum disulfide and monothiocarbamic acid molecules on the rubbing nascent surfaces.
Introduction
In the automotive industry, the control of a friction in the engine system is the most important issue. Therefore the studies of its friction, wear and lubrication have been strenuously done. High friction of rubbing surfaces leads to significant increment of fuel consumption and also decrement of durability of mechanical system. For this serious problem, molybdenum dithiocarbamate (MoDTC) has been widely used as a friction modifier in automotive engine oils for many years. It is generally known that the excellent friction reduction performance of the MoDTC is attributed to the formation of MoS 2 sheets 1) . De Barros Bouchet et al. suggested that the precursor of the MoS 2 sheets was oxysulfide species coming from the decomposition of MoDTC molecule under coexistent of zinc dialkyldithiophosphate (ZnDTP) 2) . However the detailed decomposition reaction and dynamic behavior of the MoDTC molecule are not well known.
On the other hand, to answer the environmental requirements, it is necessary to reduce the amount of sulfur and phosphorus in engine oils because these two elements are harmful to environmental catalysts. The MoDTC and ZnDTP additives, which contain these elements, are directly concerned by these considerations, therefore development of alternative additives of these molecules is required. A great number of challenges in the automotive industry are to provide similar or higher friction reduction and wear protection with a less amount of sulfur and phosphorus in engine oil formulation 3) . Hence, further knowledge on present additives is required such as a decomposition reaction of the MoDTC molecule. However, unveiling the detailed decomposition reaction of the MoDTC molecule at the electronic and atomistic levels is often difficult only from experimental analytical techniques. Whereas, the computational chemistry methods provide electronic and atomistic information, therefore they are extensively applied to the field of nanotribology 4) . Mosey et al. carried out the Car-Parrinello first-principles molecular dynamics simulation on the triphosphate molecule formed from a phosphate-based lubricant additive and discussed the formation mechanism of anti-wear film under extreme pressure condition 4) . While their breakthrough results give an important insight on the chemical reaction dynamics, the chemical reaction dynamics under engine conditions is difficult to clarify using their employed method because of a huge computation cost. Therefore, we have developed a hybrid quantum chemical/classical molecular dynamics method to study the chemical reaction for the large complex systems 5) . In this paper, to obtain the further knowledge of the MoDTC molecule, we investigated its decomposition reaction and the dynamic behavior using density functional theory and hybrid quantum chemical/classical molecular dynamics methods.
Computation methods
In this investigation, we first employed density functional theory (DFT) method to estimate the decomposition reaction energy of MoDTC molecule and to determine the accurate parameters for hybrid quantum/classical molecular dynamics simulation. Next, we carried out a hybrid quantum chemical/classical molecular dynamics simulation to observe the dynamic behavior of MoDTC molecule in the engine oil phase. We explain details of these two methods.
Density functional theory method
DFT calculations were performed by using DMol 3 software 6) and ADF program 7) to estimate the decomposition reaction energy of MoDTC molecule and to determine the accurate parameters for a hybrid quantum/classical molecular dynamics simulation, respectively. In DMol 3 software, all core electrons were represented by effective core pseudopotentials to reduce the computational cost. In this study, double numerical basis sets with polarization were employed. Local density approximation (LDA) with the Vosk-Wilk-Nusair local correlation functional 8) was used to optimize geometries. Generalized gradient approximation (GGA) in terms of revised Perdew-Burke-Ernzerhof (RPBE) exchange and correlation functionals 9) was used to evaluate energies of the LDA-optimized structures. The transition state (TS) geometries were optimized by complete liner and quadratic synchronous transit method. The frequency calculations were also performed to characterize all structures and zero-point vibrational energy (ZPVE) of MoDTC molecule and its prospective decomposition products. The Gibbs free energy at temperature of 425 K and a pressure of 1 atm was calculated within the ideal gas approximation during the frequency calculations. The set temperature is due to the condition of friction test which showed MoS 2 sheets formation 10) . In ADF program, GGA with PW91 exchange and correlation functionals 11) was adopted for energy calculations. Triple-ζ plus polarization functions was used as basis sets. Note that details of the first-principles parameterization procedure are described elsewhere 12) .
Hybrid quantum chemical/classical molecular dynamics method
We have developed a hybrid quantum chemical/classical molecular dynamics program, Hybrid-Colors 5) . The program is based on a tight-binding quantum chemical molecular dynamics program, Colors 12) and a classical molecular dynamics program, NEW-RYUDO 13) . In Hybrid-Colors program, a center of the chemical reaction is calculated by Colors program and a remaining part is calculated by NEW-RYUDO program. Colors is based on the original tight-binding approximation, in which long-range Coulombic interaction is explicitly considered, thus realizing the study of systems including both covalent and ionic interactions. Consistent valence force field 14) is used for the classical molecular dynamics calculation.
In Hybrid-Colors program, the total energy of the system, E T , is represented by the following equation.
Here, the terms in the right hand of Eq.(1) correspond to the energy of atoms in quantum part, the energy of atoms in classical part, the interaction energy between quantum and classical parts, respectively. In Hybrid-Colors program, summation of van der Waals and Coulombic interaction energy is employed as the boundary interaction energy, E Q/C , and is also calculated by Eq.(2) with proper cutoff value:
where E vdW and E Coul are van der Waals and Coulombic interaction energy between an atom i in quantum part and an atom j in classical part, respectively.
To observe the dynamic behavior of MoDTC molecule in engine oil phase, one molecule of MoDTC and 22 molecules of polyalphaolefine (PAO4) were inserted into a periodic calculation box with a size of 30×30×30 Å 3 . This is because the concentration of MoDTC with 4.1 wt% mimics its order in experimental condition 2) . Although, in the realistic oil system, MoDTC molecule probably interacts with other MoDTC molecules, we first ignored this intermolecular interaction and investigated the dynamic behavior of only one MoDTC molecule in PAO4 phase. Subsequently, the classical molecular dynamics calculation was performed for 20 ps to obtain the well-equilibrated structure at temperature of 425 K. Finally, we obtain the liquid phase structure of MoDTC added engine oil as shown in Fig. 1(a) , and the final structure was used for the subsequent simulation by using Hybrid-Colors. Temperature was controlled by scaling the velocities of atoms in the system. The Verlet algorithm 15) was adopted to solve the equation of motion. First we estimated the decomposition reaction energy of MoDTC molecule. From the study by De Barros Bouchet et al. 2) , the decomposition reaction of MoDTC can be expressed as the scheme 1 as shown in Fig. 2(a) . They suggested that the precursor of MoS 2 sheets was an oxysulfide species. On the other hand, Suominen Fuller et al. reported that the ZnDTP forms its linkage isomer as an intermediate in its decomposition in the engine oil phase 16) . The linkage isomer contains Zn-O and C-S bonds instead of Zn-S and C-O bonds in original ZnDTP molecule, respectively. Taking into account the above reaction scheme in the ZnDTP system, we considered the possibility of a decomposition pathway through a linkage isomer also for the MoDTC system. Thus we hypothesized that the decomposition reaction can be expressed as the scheme 2 as shown in Fig. 2(b) . In this report, we call the reactant of this formula "LI-MoDTC". We analyzed the Gibbs free energy of these reactions using DFT method. For this analysis, we assumed the chemical reaction pathway as shown in Fig. 2(c) including the isomerization reaction of MoDTC. We considered the elimination of only one side of an organic part from the molecule for both decomposition reactions. Note that although the decomposition reaction originally takes place on the rubbing nascent surface 17) , the DFT calculation was performed under vacuum condition to reduce the computational cost. Fig. 3 shows the diagram of relative Gibbs free energy (∆G) for reactants, intermediates and products of the pathway at a temperature of 425 K and a pressure of 1 atm. From Fig. 3 , we can find the ∆G of the product 1 is higher than that of the LI-MoDTC. In this study, although the ∆G of the transition state from MoDTC to product 1 was not estimated, extremely higher ∆G is expected from the ∆G of product 1. These results suggest that the isomerization reaction of MoDTC can proceed more preferentially than the direct decomposition of MoDTC. Then we focused on the decomposition reaction of LI-MoDTC formed from the MoDTC. The product 2 is energetically more stable than that of the product 1. Also the Gibbs free energy for the decomposition reaction of LI-MoDTC, ∆G 2 , is lower compared with that of the MoDTC, ∆G 1 . These results indicate that the reaction in scheme 2 reduces reaction energy for the formation of molybdenum sulfides cluster which is the precursor of the MoS 2 sheets. Our DFT study suggested that the decomposition through LI-MoDTC was more Fig.  4 shows radial distributions of electron density for 4d, 5s and 5p orbitals of the Mo atom with neutral charge calculated by Colors and ADF programs. We can see a good agreement between results by Colors and ADF programs for each orbitals. Note that we ignored the inner electron density because it does not influence the interactions with surrounding atoms significantly. Fig. 5 shows a charge dependency of the VSIP for the Mo atom calculated by Colors and ADF programs. Charge dependency of VSIP also shows a good agreement between results by Colors and ADF programs. The Slater-type basis sets and VSIP for other elements in the MoDTC molecule were determined by the same procedure. Using the determined parameters, we carried out a tight-binding quantum chemistry calculation by Colors program and analyzed the charge distribution in the MoDTC molecule. Table 1 shows the average charge of elements in the MoDTC molecule calculated by Colors and DMol 3 . Charges of two types of S atoms, that is, those bonded to two Mo atoms (S Mo-S-Mo ), and those bonded to Mo and C atoms (S Mo-S-C ) in the molecule, are separately shown. Also charges of two types of C atoms; those of methyl groups (C CH 3 ) and those bonded to N and S atoms (C N-C-S ) in the molecule, are separately shown. We can see a fairly well agreement in charge between Colors and DMol 3 programs. We can thus confirm that the Colors program well reproduces the results by DFT with our first-principles parameterization method. 
Dynamic behavior of the MoDTC molecule
To study the dynamic behavior of MoDTC molecule, we carried out a hybrid tight-binding quantum chemical/classical molecular dynamics simulation using the Hybrid-Colors program with parameters determined in section 3.2.1. In this simulation, one MoDTC molecule in PAO4 liquid phase as shown in Fig. 1(b) was specified for tight-binding quantum chemical calculations while all PAO4 molecules in the simulation model was calculated by classical molecular dynamics method. The simulation was carried out for 5,000 steps under the condition of constant volume and temperature. We set the integration time of 0.1 fs. Temperature was controlled at 425 K.
First we analyzed the structure of MoDTC molecule observed during the simulation as shown in Fig. 6 . We focused on the four atom pairs in MoDTC molecule, Mo A -S A , C A -S B , C A -O A and Mo A -O A that are defined in Fig. 6(a) . From Fig. 6(b) , we can see increment of an interatomic distance between Mo A and S A atoms. Subsequently, the interatomic distance of C A -S B bond was also increased as shown in Fig. 6(c) . Also we can see the formation of an unsaturated carbon species, SCN(CH 3 ) 2 . At 400 fs, we can see a decrement of the interatomic distance between C A and O A atoms as shown in Fig. 6(d) . We also observed a significant increment of Mo A -O A bonding distance at 500 fs ( Fig.  6(e) ), that is, the distance is changed from 1.71 Å at the initial structure to 2.07 Å. To obtain detailed information of these chemical bonds, we analyzed a bond overlap population, which represents a degree of the covalency, of several chemical bonds in MoDTC molecule. Fig. 7 shows the bond overlap population of focused chemical bonds in MoDTC molecule. From point (b) in Fig. 7 , we can understand that Mo A -S A bond was completely dissociated. Subsequently, the C A -S B bond was also completely dissociated at 200 fs (point (c) in Fig. 7) . In parallel, the bond overlap population of C A -O A pair is drastically increased (point (d) in Fig. 7 ). Because of a formation of C A -O A bond, we can confirm that the LI-MoDTC is formed in PAO4 phase. After this bond formation, the bond overlap population of Mo A -O A was gradually decreased, while a covalency of C A -O A bond was still high.
To further investigate the structure change at the final stage of the simulation, we analyzed three components of the energy between Mo A and O A atoms: molecular orbital interaction energy, Coulombic interaction energy and exchange repulsion energy as shown in Fig. 8 . Interatomic distance between these atoms is also shown for reference. From Fig. 8 , until the simulation time of 350 fs, the molecular orbital interaction energy is smaller than the Coulombic interaction energy, therefore we can understand high covalency in Mo A -O A bond. On the other hand, after 350 fs, the orbital interaction is drastically reduced and the Coulombic interaction is dominant in Mo A -O A bond. Simultaneously this bond weakening, the interatomic 17) . Thus this decomposition reaction pathway is identified as the DFT results in section 3.1. Finally, we propose the decomposition reaction pathway of the MoDTC molecule through its linkage isomer formation.
Conclusion
We investigated the decomposition reaction and the dynamic behavior of the MoDTC molecule using DFT and hybrid quantum chemical/classical molecular dynamics methods. Based on our results, the following conclusions were made: (1) From the DFT study, the isomerization reaction of the MoDTC molecule preferentially took place than its direct decomposition reaction. 
